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By changing hydrothermal condition and post-heat-treatment temperature, silica-coated TiO, nanotubes are obtained
successfully. The effects of gas-supported process on tubular morphology, crystallinity, and photocatalytic activity are discussed. It
is found that the sample prepared at hydrothermal treatment (180°C/9 h) and calcination (650°C/2 h) shows perfect open-ended
tubular morphology and increased crystallinity. The photoactivity of the sample is proved to be 5 times higher than that of TiO,

nanoparticles.

1. Introduction

TiO,-based nanomaterials have been intensely investigated
due to its applications in air purification, water disinfection,
hazardous water remediation, and other fields since Honda
and Fujishima discovered the photocatalytic splitting of
water on the TiO; electrodes in 1972 [1-5]. In particular,
TiO, nanotubes (TiO,-NTs) with high surface area, porosity,
low cost, and chemical stability are attracting considerable
attention, as compared with other nanostructures, and
would be good candidates for potential applications in pho-
tocatalysis, gas sensing, pigments, photovoltaic applications,
solar cells, and water detoxification applications [6-10].

On the other hand, as we know, photocatalytic activity
is a comprehensive parameter, which is affected by many
factors such as morphology, crystallinity, surface area, dop-
ing elements, and so on. However, it is very difficult to
adjust each factor alone during the preparation process of
nanomaterials. For instance, high-quality hydrogen titanate
nanotubes (Titanate-NTs) can be obtained by a simple
hydrothermal treatment of crystalline TiO, particles with
NaOH aqueous solutions. But the as-prepared products
are predominately in amorphous phase, shows low pho-
tocatalytic activity. Therefore, since their photocatalytic
performance is closely related to crystallinity, additional

crystallization is always required for those products. Unfor-
tunately, such materials are also prone to collapse during the
calcination process. As a result, the tubular morphology is
destroyed, with a significant decrease in specific surface area
(SpeT), pore volume, and photocatalytic activity [11-13].

How to adjust both morphology and crystallinity to
improve photocatalytic activity of TiO,-NTs is a challeng-
ing subject for us. In our previous work, we presented
a simple chemical morphology-freezing method, at post-
heat-treatment process by combustion of filled carbon in
titanate nanotubes to obtain gas-phase support of CO,, and
after calcination at 500°C we obtained high photoactivity
Ti0,/SiO; nanotubes (TiO,-NTs@@SiO,) with perfect one-
dimensional tubular morphology and fine crystal form for
photocatalysis, which is 4 times higher than TiO, nano-
particles (P-25) [14].

In this work, we find, during the gas-supported process,
that phase transfer temperature of TiO, from anatase to
rutile is delayed by combustion of carbon to CO;. By using
this phenomenon, we improve the preparation method and
obtain TiO, nanotubes with perfect open-ended tubular
morphology and increased crystallinity at much higher
temperature. The photoactivity of sample is proved 5 times
higher than TiO, nanoparticles.
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2. Experimental Details

2.1. Synthesis of TiO,-NTs@SiO, Tubular Nanocomposites.
TiO,-NTS@@SiO, nanocomposites were prepared by using
chemical morphology freezing method that was described in
our previous work [14]. First, hydrogen titanate nanotubes
(Titanate-NTs) were prepared, and a carbon layer was coated
on Titanate-NTs by hydrothermal treatment to prepare
carbon-coated Titanate-NTs (Titanate-NTs@C). Then a sec-
ond silica layer was followed to coat onto Titanate-NTs@C
via a conventional alkoxide sol-gel method (Titanate-
NTs@C@SiO,). Finally the sample was calcined and the
carbon layer was combusted to yield TiO,-NTs@@SiO,
tubular nanocomposites.

2.2. Characterization. Transmission electron microscopy
(TEM) samples were prepared by suspending the nanopar-
ticles in ethanol and then casting on a holey, carbon-coated
Cu grid. High-resolution TEM images were obtained with
a JEM-2010(HR) instrument operating at 200kV. Energy
dispersive X-ray analysis (EDS, Inca Energy-200) was used
to investigate the sample compositions. X Ray diffraction
(XRD) patterns were obtained on a D/MAX-RB X-ray
diffractometer (D/Max-2550pc), using Cu-Ka radiation at a
scan rate (20) of 0.05° s™!, and were used to determine the
phase structure of the obtained samples. The accelerating
voltage and the applied current were 15kV and 20maA,
respectively. Specific surface area (Spgpr) was determined
using a Micromeritics Tristar 3000.

2.3. Measurement of Photocatalytic Activity. The photocat-
alytic activity of TiO,-NTs@@SiO, was defined as the
amount of CO, that resulted from the photocatalytic
decomposition of methanol/water solution (5%, volume
ratio). 40mg sample was suspended in a solution of
methanol (4 mL). The methanol vapor was allowed to reach
adsorption-desorption equilibrium with catalysts in the reac-
tor prior to UV light irradiation. Then the suspension was
irradiated with UV light (500 W) at 25°C. After irradiation,

the generated CO, gas was collected with a syringe and
analyzed by gas chromatography (6890N, Agilent) [13, 14].

3. Result and Discussion

3.1. CO; Gas-Supported TiO5-NTs@SiO,. Open-ended Tita-
nate-NTs, which with diameters of 4 to 7 nm and lengths of
several hundred nanometers, were obtained by a hydrother-
mal reaction using Degussa P25 and 10 M NaOH aqueous
solution at 150°C for 48 h (Scheme 1, Figure 1(a)). In order
to obtain high photoactivity TiO, nanotubes, with perfect
open-ended tubular morphology and fine anatase phase,
Titanate-NTs were filled with LaMer-model carbon and then
coated with a silica layer. This filling and coating process
“isolates” microthermal deformation from the system and
consequently prevents the destruction of the tubular mor-
phology during the calcination process. After calcination at
500°C for 2 hours, TiO,-NTs@@SiO, were obtained by CO,
gas supporting and showed the higher photoactivity of all
the samples, which is 4 times higher than TiO, nanoparticles
(Figure 1(b)) [14].

On the other hand, it is generally accepted that crystal-
lization is always an aggregation process from amorphous
state, and crystals grow by attachment of ions to inorganic
surfaces or organic templates [15]. Numerous researches
describe the similar crystallization process of TiO, crystal-
lites. With increasing calcination temperature from 400°C
to 600°C, the crystallization of anatase phase improves,
indicating that at high temperature amorphous Ti atoms
move into anatase crystal location. Usually, the anatase phase
starts to transform to rutile phase when the calcination
temperature exceeds 600°C. Since anatase phase of TiO,
is beneficial to photoactivity, it is believed that the phase
transform temperature is the most optimal temperature to
achieve prefect anatase phase of TiO, and best photoactivity
as well.

However, in the CO, gas-supported process, it is
observed that TiO,-NTs@@SiO, nanocomposites keep as
pure anatase phase even at 700°C, which indicates that phase
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FiGure 1: TEM images of (a) titanate nanotubes, (b) TiO,-NTs@@SiO, with “open-ended” structure (500°C, 2 h). (c) XRD pattern of TiO,-
NTs@@SiO, calcined at various temperatures. (d) TiO,-NRs@@SiO, with “close-ended” structure (over 600°C, 2 h) and EDS spectra of the

sample (inset).
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FiGUrg 2: TEM images of Titanate-NTs@C under different carbon-treated hydrothermal reaction condition.

transfer temperature is delayed (Figure 1(c)). It is well known
that the delay of phase transfer temperature is common in
calcination process of nanoparticles doped with different
elements, because doping with different types of elements
will undoubtedly prevent migration of atom of host materials
to the crystal location. However, it should be noted that EDS
spectra of TiO,-NTs@@SiO, show that after the calcination,

evidence of Ti, Si, and O is found in sample and no carbon
peak is observed, indicating the complete combustion of
carbon in calcination process (Figure 1(d)). Moreover, XRD
pattern of TiO,-NTs@@SiO, exhibits that no characteristic
peaks of C are observed, indicating that C element has not
been doped in crystal lattice of TiO, (Figure 1(c)). Therefore,
the experiment results suggest that in gas-supported process,
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FIGURE 3: TG curves of (a) Titanate-NTs@C under different hyd-
rothermal reaction time and (b) Titanate-NTs@C and Titanate-
NTs@C@SiO, at 9 h hydrothermal reaction time.

the microcosmic migration of Ti atoms to the crystal location
is prevented by CO; evolution, leading to the macroscopical
delay of phase transfer temperature finally.

From our previous work, even after calcination at 500°C
for 2 hours, some hydrogen titanate nanotubes may still
have not been crystallized completely. If the remaining
amorphous phase hydrogen titanate can be transformed into
anatase phase completely, this will undoubtedly enhance the
photoactivity of TiO,-NTs. However, when the calcination
temperature is increased to 600°C, the tubular morphology
is significantly destroyed. As shown in Figure 1(d), only
“close-ended” structure is observed, indicating that TiO,-
NTs has been collapsed and fused to TiO, nanorods (TiO,-
NRs@@Si0,). As mentioned above, photoactivity is a com-
prehensive factor that is related to temperature, crystallinity,
specific surface area, and so on, so it is a challenge to obtain
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FIGURE 4: Specific surface area (Sggr) of Titanate-NTs@C@SiO,
under different hydrothermal reaction condition and calcination
temperature.

TiO,-NTs with perfect tubular morphology at much higher
temperature.

3.2. Improved Carbon-Treated Titanate Nanotubes. In order
to keep the tubular morphology and large surface areas
simultaneously at much higher calcination temperature, our
strategy is to extend combustion time of carbon to support
nanotubular morphology in gas-supported process. There
are two options to select: one is to increase thickness of
the silica coated layer to cut off air and retard combustion.
However, experiment results showed such treatment always
bring aggregation problem of silica itself and disadvantages
in photocatalytic activity due to the excessively thick coating,
which impeded mass transfer channel.

Therefore, it is a reasonable strategy to extend the com-
bustion time by increasing the amount of carbon. The effects
of the amount of carbon on the morphology and crystal
structure of the nanotubes are studied at 180°C by changing
the reaction time of carbon-treated hydrothermal reaction.
As shown in Figure 2, after being carbon-treated for 7h,
titanate nanotubes with a diameter of 4 to 7 nm are covered
with a carbon layer uniformly, and the thickness of carbon
layer is about 3 nm. Extending the time of hydrothermal
reaction, the thickness of carbon layer is increased effectively.
The thickness of carbon layer is increased to about 20 nm for
9h and over 120 nm for 11 h, respectively.

3.3. Thermogravimetric Analysis. The TG curves of the sam-
ples obtained at different hydrothermal reaction time (7 h,
9h, 11h) are shown in Figure 3(a). The curves are similar
apparently except that each curve has a large weight loss
at high temperature stage, which is considered as the
combustion of carbon. It is observed that with increasing
hydrothermal reaction time, weight loss of sample gradually
increases, suggesting that the thickness and density of carbon
layer increases linearly with the increase of hydrothermal
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FiGure 5: TEM images of (a), (b), and (c) TiO,-NTs@@SiO, with “open-ended” structure (650°C, 2 h). (d) TiO,-NRs@@SiO, with “close-

ended” structure (700°C, 2 h).

reaction time, which is in good agreement with the SEM
results.

As described in our previous work, we noted that a
second silica layer, which is coated on carbon-treated sample,
can significantly delay the combustion rate of carbon in the
following calcination process. This delay is also confirmed by
the TG analysis. For example, as shown in Figure 3(b), in case
of sample of 9h, it is found that after 600°C the weight loss
of sample is almost constant. However, after SiO, treatment
the weight loss of the sample increases continuously and
finally comes to a constant until 700°C. The result strongly
suggests that the carbon combustion rate of the silica-coated
sample has been effectively decreased, which indicates that
the tubular morphology is gas-supported by CO, evolution
until 700°C.

3.4. Sger of TiO,-NTs@@SiO,. Based on TG data, it can be
calculated that the final stage of combustion occurred at
about 550-700°C, so the silica-coated samples are calcined at
this temperature range and Sggr of the samples is measured.
As shown in Figure 4, it is clear that at different hydrothermal
treatment time, the obtained Sggr is different even under
the same calcination condition, which indicates that the
different amount of carbon in a gas-supported process has
obvious effects on the Spgr of the nanocomposites. Moreover,
even under the same hydrothermal reaction condition, the
obtained Sppr of samples is different at different calcination

temperature, which strongly suggests that the carbon com-
bustion rate affects the Sggr of the nanocomposites too. After
all, the results of Sggr indicate that the sample prepared at 9 h
hydrothermal treatment and 650°C calcination (9 h/650°C)
exhibits the highest Sggt.

Figures 5(a)-5(c) are TEM images of the TiO,-
NTs@@SiO, (9h/650°C), which show fine one-dimensional
structure and open-ended tubular morphology. However,
700°C calcination temperature will cause TiO,-NTs lose their
tubular morphology and become the “close-ended” structure
(Figure 5(d)).

3.5. Photocatalysis of TiO,-NTs@@SiO,. The photocatalytic
activity of the TiO,-NTs@@SiO, nanocomposites, which are
prepared at various hydrothermal temperature and calcina-
tion temperature, are evaluated by photodecomposition of
methanol. As shown in Figure 6, all of the TiO,-NTs@@SiO,
nanocomposites samples show higher photocatalytic activity
than P25. The sample especially (9h/650°C) shows the
highest photoactivity of all the samples, which is about 5
times higher than that of P-25.

4. Conclusion

In summary, by changing carbon-treated hydrothermal
reaction condition and post-heat-treatment temperature, the
effects of gas-supported process on tubular morphology,
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FIGURE 6: Relationship between the amount of CO, evolved and
photocatalysts with different condition (hydrothermal reaction
condition and calcination temperature).

crystallinity and photocatalytic activity of TiO,-NTs@@SiO,
nanocomposites are investigated. It is found that the sample
prepared using hydrothermal treatment (180°C/9h) and
calcination (650°C/2h) has high-crystallinity and prefect
tubular morphology. The sample shows the highest photoac-
tivity of all the samples, which is about 5 times higher than
that of P-25.
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